Abstract-Experimental data are presented to support the development of a new concept for ocean wind velocity measurement (speed and direction) with the polarimetric microwave radar technology. This new concept has strong potential for improving the wind direction accuracy and extending the useful swath width by up to 30% for follow-on NASA spaceborne scatterometer mission to SeaWinds series. The key issue is whether there is a relationship between the polarization state of ocean backscatter and surface wind velocity at NASA scatterometer frequencies (13 GHz). An airborne Ku-band polarimetric scatterometer (POLSCAT) was developed for proof-of-concept measurements. A set of aircraft flights indicated repeatable wind direction signals in the POLSCAT observations of sea surfaces at 9-11 m/s wind speed. The correlation coefficients between co-and cross-polarized radar response of ocean surfaces have a peak-to-peak amplitude of about 0.4 and are shown to have an odd-symmetry with respect to the wind direction, unlike the normalized radar cross sections.
I. INTRODUCTION
G LOBAL measurements of ocean surface winds are important for many meteorological and oceanographic studies. Many satellite scatterometers have been launched for measuring the ocean surface wind fields, including the National Aeronautics and Space Administration (NASA) scatterometer (NSCAT) on board the Japanese Advanced Earth Observation Satellite (ADEOS-1) operating from September 1996 through June 1997 [1] , and the NASA SeaWinds scatterometer on QuikSCAT operating since June 1999 [2] . An rms accuracy of about 1 m/s wind speed has been reported.
A key remaining deficiency of spacecraft scatterometers is their capability to make unambiguous detection of wind direction. The ability of scatterometers to measure ocean wind velocity is based on the sensitivity of radar backscatter to ocean surface wind speed and direction. To enable the retrieval of wind direction, the SeaWinds scatterometers deploy a conical scanning antenna with two antenna beams. This scanning configuration allows radar measurements from one (edge of swath), two (spacecraft nadir track) to four azimuth directions at one earth surface point (Fig. 1) . The swath width of the inner beam is about 1400 km and that of the outer beam is about 1800 km. The multiple azimuth radar measurements typically produce three to four possible wind direction solutions. To facilitate the selection among multiple solutions (ambiguity removal), the SeaWinds scatterometer retrieval algorithms presently have to utilize the numerical weather analyses to initialize the wind fields for an iterative median filtering. However, the poor measurement geometry at near the s/c nadir track and outer swath with the separation of azimuth angles near 0 or 180 significantly limits the accuracy and usefulness of retrieved wind vectors within these portions of swath, about 33% of the SeaWinds swath width. Techniques that can improve the accuracy of ambiguity selection are important.
Theoretical analyses, which analyze the scattering properties of radar targets with reflection symmetry and estimate ocean scattering coefficients using a two-scale scattering model [3] , [4] , have suggested that the preferential directional orientation of wind-generated ocean waves has an influence on the polarization state of electromagnetic waves scattered by the ocean surfaces. It was predicted that the polarization state of microwave U.S. Government work not protected by U.S. copyright. radar backscatter from ocean waves has wind direction dependence, like that of passive polarimetric microwave signatures [5] - [9] .
The radar polarization signature of ocean surfaces can be described by a polarimetric scattering matrix (1) The first subscript of each scattering matrix element indicates the receiving polarization and the second subscript denotes the radar transmit polarization. " " and " " denote horizontal and vertical polarization, respectively. Our definition of polarization basis, illustrated in Fig. 2 , is provided in Appendix A. Each scattering matrix element is a complex number with its amplitude and phase indicating the strength of scattering signals and phase delay. In the backscattering direction, the scattering from a reciprocal medium, like ocean surfaces, requires a reciprocity relationship: [10] . The square of absolute magnitude of each scattering matrix element represents the power of the radar echo for each polarization and is represented by the normalized radar cross section of sea surfaces, . The s for , , , and polarization channels are specified by , , , and , respectively. The NSCAT and SeaWinds scatterometers were designed to acquire and , which are symmetric with respect to the wind direction. Polarimetric radar remote sensing acquires the correlation between different polarized backscatter measurements in addition to observations. The correlation between and polarization channels is denoted by a polarimetric correlation coefficient (2) It is a complex number and indicates the degree of correlation and relative phase angle of and polarized backscatter signals. Fig. 3 illustrates the wind direction dependence of polarimetric Ku-band radar backscatter of sea surfaces at 45 incidence angle for 10-m/s wind speed estimated from a two-scale scattering model [4] . The s are symmetric with respect to the wind direction. It is noted in the theoretical predictions that the correlation between the co-( and ) and cross-polarized ( and ) radar backscatter from sea surfaces has an odd-symmetry with respect to the wind direction, unlike the symmetry property of s. If this theoretical prediction is true, the correlation between co-and cross-polarized channels will provide additional information regarding the direction of sea surface wind, not yet exploited by satellite remote sensing of ocean wind vectors. A simulation study, using the theoretical model predicted from the theoretical two-scale scattering model, indicated that adding the cross-polarized correlation measurements might enable significant enhancement to the SeaWinds-like conical scanning scatterometers [11] .
There are two key issues. First, no radar observations were available to support the theoretical predictions. In the two-scale scattering model, the correlation of co-and cross-polarized signals is due to the Bragg scattering from small-scale waves on a tilted surface. As shown in Fig. 3 , from the tilted Bragg scattering is a small signal, about 20 dB lower than . Other sea surface features, like breaking waves, which have not yet been accounted for by the two-scale model, could dominate the crosspolarized response from Bragg scattering. Second, the benefits of polarimetric information to ocean wind retrieval depend on the magnitude of the polarimetric correlation coefficients. The accuracy of two-scale scattering model estimates for is unclear. Our approach to address these issues was to develop an airborne polarimetric scatterometer (POLSCAT) and to conduct proof-of-concept experiments. In Section II, the characteristics of POLSCAT are described. The field experiment and experimental data are presented in Section III. The summary is given in Section IV.
II. POLARIMETRIC SCATTEROMETER
The POLSCAT operates at Ku-band (13.95 GHz), similar to the NASA SeaWinds and NSCAT scatterometer frequencies. A simplified block diagram is provided in Fig. 4 and the instrument parameters are provided in Table I . It uses a conical corrugated antenna horn for transmit and receive. An ortho-mode transducer (OMT), connected to the antenna horn, separates vertical and horizontal polarization channels. The ferrite switch bank, consisting of several ferrite switches and isolators, enables the selection of transmit polarization and provides the receiver protect during transmit. The radar transmitter is a Ku-band solid-state power amplifier (SSPA) with 10-W output. The transmit pulse length is 27 s, and the interpulse period is 350 s. The timing generator provides all the switch control signals and the SSPA-enable signal. The frequency synthesis assembly derives all the mixing frequencies from a 10-MHz local oscillator, which are provided to the SSPA and the receivers.
The transmitting polarization is alternated between and from pulse to pulse. The -and -polarized radar echoes are detected simultaneously by two receivers. Each receiver downconverts the frequency of the backscatter signals and provides in-phase ( ) and quadrature-phase ( ) components to a personal computer (PC) for data acquisition. In the PC is a National Instrument data acquisition card (NI DAQ PCI-6110) with four 12-bit analog-to-digital (A/D) converters, which sample the signals from both receivers at a 4-MHz rate. The PC processes the A/D samples acquired over every set of 1600 transmit pulses with 800 of them for each transmit polarization. The samples are squared and averaged to produce the power of each polarization. The complex multiplication required to obtain the polarimetric correlation coefficients between the signals from different polarization channels is performed by cross-multiplying the and samples from two polarization channels. Note that and are computed using the samples from the same transmit pulses, while , , , and are computed using samples from adjacent pulses. The power and correlation products are averaged over samples acquired within every 0.56 s and saved to the PC hard disk. The aircraft navigation data from C-130, including altitude, latitude, longitude, pitch, and yaw and roll angles, are also recorded at the rate of 1 Hz by the PC.
The in-flight calibration is performed using a calibration loop, consisting of one waveguide attenuator and two directional waveguide couplers in the radar front-end, which leaks a small transmit signal into the receivers. For about every 10 s, the receiver range gate is moved to the transmit period to sample this leakage signal, which is a product of the SSPA transmit power, receiver gain, and the loss of calibration loop. The loss of calibration loops, about 80 dB, was measured in the laboratory. Tests conducted in the laboratory and aircraft flight data suggest that the calibration loop measurements are very stable with a drift of less than 0.1 dB over several hours.
POLSCAT was installed, together with the Jet Propulsion Laboratory (JPL) Passive/Active L-/S-band (PALS) microwave instrument, on the National Center for Atmospheric Research (NCAR) C-130 aircraft for a proof-of-concept experiment and s are symmetric with respect to the wind direction. The measured is comparable to the theoretical prediction, but the measured is about 2 dB stronger than the theoretical estimates illustrated in Fig. 3 , consistent with the NSCAT and SeaWinds observations. The cross-polarized and s are also symmetric with respect to the wind direction. The level of cross-polarized s is about 18 dB weaker than , but is 15 dB larger than the leakage due to the cross-coupling ( 35 dB) between and polarization channels of the POLSCAT antenna. The polarization leakage has negligible effects on and s. The polarimetric correlation coefficients ( ) are illustrated in the other panels of Fig. 7 . As shown, the correlation between and , , is symmetric with respect to the wind direction, while the correlation between co-and cross-polarized channels, , , , and , is anti-symmetric. This confirms the theoretical predictions that there are even and odd symmetry properties in the polarimetric radar signals of sea surfaces. Although there is a good agreement on the characteristics of directional symmetry with the two-scale scattering theory, there are notable differences on the level and directional signature of co-and cross-polarized correlation coefficients. The peak of measured is about 0.2, significantly less than the 0.5 peak amplitude predicted by the theory. The other significant difference is that the peak of is located at about 60 off the wind direction, while the theoretical predictions are off the wind direction by about 120 . The data clearly suggest deficiencies in the theoretical scattering model and offer new information for the improvement of theoretical sea surface scattering models regarding the contributions of other scattering mechanisms. The POLSCAT data from the flights over the M1 mooring on August 16 and the M2 mooring on August 17 yield characteristics very similar to those illustrated in Fig. 7 , confirming the directional signature of polarimetric correlation coefficients observed in the August 16 data set. Fig. 8 plots the data from August 17. One small difference between the data illustrated in Figs. 7 and 8 is that the and acquired on August 17 are slightly lower than the data from flights on August 16 by a few tenths of a decibel, apparently due to a lower wind speed. The other difference is that the peak-to-peak wind direction modulation of and acquired on August 17 is smaller by about 1-2 dB than that of the M2 data set from August 16. It is possible that the cross-polarized ocean backscatter may be sensitive to some surface features, which do not have significant influence on co-polarized scattering, but can alter the directional modulation of cross-polarized s. Other than these two differences, the shape and amplitude of polarimetric correlation coefficients illustrated in Figs. 7 and 8 are almost identical. The data from flight over M1 on August 16 with a reported buoy wind speed of 9 m/s lead to the same conclusions.
There are four major error sources for the correlation measurements between co-and cross-polarized radar echoes. One is the decorrelation due to a limited SNR, the second is the misalignment of antenna polarization axes, the third is the imperfect isolation between the vertical and horizontal polarization channels of antenna, and the fourth is the aircraft motion resulting in a geometric decorrelation between the radar echoes from consecutive radar transmit pulses. For simplicity, we will focus on the measurement accuracy of , which is not affected by the fourth factor. 
A limited SNR makes the measured value of smaller than the actual value. For the POLSCAT measurements for 9-11 m/s wind speed, SNR and SNR are above 25 and 7 dB, respectively. The resulting error is less than 10% of . The misalignment of antenna polarization axes is due to the combined effects of the mechanical misalignment of antenna with respect to the C-130 reference frame and the variations of C-130 roll angle during flights. Let us denote the roll angle between the antenna polarization axes and the polarization vectors referenced to the earth surface by . Under the assumption of a small , the accuracy of measurements can be approximated by (B3) in Appendix B with and as (4) The typical characteristics of POLSCAT radar signatures shown in Figs. 7 and 8 are , dB, and dB and result in of about 0.007 for . After the installation of a POLSCAT antenna on C-130, the alignment of antenna orientation with respect to the aircraft frame was examined with an inclinometer, and the results indicated a misalignment error of less than 0.1 degree. During flights, the roll angle of C-130 varied by less than a few tenths of a degree most of the time within each flight line.
We excluded the data with a C-130 roll angle of greater than 1 degree from averaging and found the average value of the C-130 roll angle for the remaining data from each flight line to be less than 0.1 degree. The measurement error due to the misalignment of antenna polarization axes is estimated to be less than 0.01.
The third source of error for measurements is due to the coupling between polarization channels. Equation (B3) provides a quantitative expression of the measurement error and shows that induced by the polarization coupling has the same symmetry property as those of , , and , which are symmetric with respect to the wind direction. Because induced by wind over sea surfaces is expected to be zero along the wind direction, a nonzero measurement at 0 wind direction indicates the coefficients of polarization couplings. In Figs. 7 and 8 , the value of at 0 wind direction is about 0.04, which approximately corresponds to for , dB, and dB. Our estimates of the measurement accuracy for agrees with the consistent signatures of data illustrated in Figs. 7 and 8. If we assume that is insensitive to the wind speed in the range of 9-11 m/s, then the difference between the data shown in these two figures indicates the accuracy of measurements. As shown, differs by less than 0.03 between these two data sets for all azimuth angles. This suggests that the POLSCAT measurement of is repeatable to within 0.03, about 8% of the peak-to-peak directional variation of for 9-11-m/s winds. Another source of error for the correlation measurements is the geometric decorrelation due to the motion of aircraft. During a transmit pulse cycle, the C-130 aircraft will travel by a few centimeters, and the distance of ocean surfaces to the radar antenna will vary between radar pulses, resulting in a decorrelation factor, which can be approximated by the second factor on the right-hand side of the following equation: (5) Here is the velocity of aircraft, the radar inter-pulse period, and the antenna aperture size. Various decorrelation effects can be noted in the measured , which is about 0.85, less than the value of 1 expected from the reciprocity of radar backscatter. One cause of decorrelation for POLSCAT is due to the limited SNR in the radar measurements. An SNR of 10 dB will result in a decorrelation of and signals by about 10%. The other factor is due to the fact that and radar signals are acquired from adjacent radar transmit pulses. During one pulse cycle of s, corresponding to a 2857-Hz pulse repetition frequency (PRF), the aircraft will have moved by about 3 cm, resulting in a geometric decorrelation of about 5% between the echoes from consecutive radar pulses. The net effect due to the limited SNR and geometric decorrelation will be about 15% for , consistent with experimental observations. Similar percentage of geometric decorrelation is expected in and measurements.
IV. SUMMARY
The aircraft POLSCAT data provide the first experimental evidence supporting the use of polarimetric information for ocean wind measurements. The results indicate that there are orthogonal symmetry properties in the polarimetric radar signals of sea surfaces: the co-polarized backscattering coefficients are symmetric with respect to the wind direction, while the correlation between co-and cross-polarized scattering signals has an odd symmetry. In the range of 9-11 m/s wind speed, the peak-to-peak amplitude of is about 0.4, which is not large, but clearly measurable. There is also a strong upwind, and downwind asymmetry, which could help the discrimination of ambiguities separated by about 180 , typically existed in the scatterometer wind retrievals.
Although the symmetry property of the correlation between co-and cross-polarized radar measurements agrees with the theoretical predictions by two-scale scattering models, there are two distinct differences. First, the amplitude of measured correlation coefficients is significantly smaller than theoretical predictions. Second, the upwind and downwind asymmetry is different between the theory and data. The data suggest deficiencies in the two-scale scattering theory for modeling cross-polarized radar echoes from sea surfaces.
In addition, the data are limited to a nominal incidence angle of 45 and the wind speed in the range of 9-11 m/s. There are no data, allowing us to explore the signal sensitivity to wind speed and incidence angle. More extended experiments and theoretical modeling are recommended to cover a broad range of incidence angle and oceanic conditions. Here, represents the leakage from to channels in the antenna receiving direction and from to channels. and represent the coupling coefficients in the antenna transmit direction. The matrix on the left-hand side of the equation corresponds to the polarimetric scattering matrix distorted by the couplings between the vertical and horizontal polarization channels of antenna.
In practice, the coupling coefficients , , , and are usually much less than 1. The distorted scattering matrix can be approximated by (B2)
A limited isolation will result in a leakage of and signals into the and channels and hence an artificial correlation between co-and cross-polarized radar signals. If the power of cross-polarized leakage is much less than , the measurement error of can be approximated as
Similar expressions can be derived for other correlation coefficients. The above expression can also be used to describe the effects of misalignment between antenna polarization axes and the polarization vectors relative to earth surface. An angular misalignment of effectively introduces a coupling between and polarization channels with and .
